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ABSTRACT

A deep-hole array of six short-period seismometers was tested at the test
site near Grapevine, Texas (GV-TX). After a brief period of successful
op-~ration, half the array was moved to the site near Apache, Cklahoma
(AP-OK), and the other half was moved to the site near Franklin, West
Virginia (FN-WV)., Various techniques were employed to process the output
of these arrays. The deep-hole test site (GV-TX) was maintained for testing
applications requiring the use of a deep hole, including testing the triaxial
seismometer and testing to determine if a useful long-period response could
be obtained from the Model 11167 deep-hole seismometer. The results
indicated it would require a complex and unstable systen: to provide a long-
period response.

During the 29-month duration of this program, measurements were mace
in deep holes in West Virginia, Texas, Utah, Oklahoina, and Pennsylvania.
Additionally, an off-shore measurement prcgram was undertaken.

The information from wells and surface arrays was used to study short-period
(6.0-0.3 sec period) noise and signals. An attempt was made to show that
higher mode Rayleigh waves and body waves are present in the noise by com-
paring theoretical curves with experimental results. It was shown that
surface waves generally predominate at the longer periods while body waves
appear at the shorter periods at quiet sites. Not all data could be interpreted
to define the wave types present. The short-period signals were analyzed
both vijually and digitally. Signal amplitudes at the surface were shown to

be at .east twice as large as at depth. The impulse response of layered
media was used to compute inverse filters which changed the waveform
characteristics of the deep-hole signals into those of the surface signals.
Some preliminary work was done with the horizontal data obtained from the
triaxial seismographs.

A complete system, composed of four triaxial seismometers, a digital
processor, and associated equipment, was installed and operated at AP-OK.
Data obtained from this array were processed using optimum f{iltering
techniques. These techniques required the use of the inverse filters mentioned
above and filters derived from the Wiener least mean-square technique. Both
single-channel and multichannel processes were employed; however, the
results obtained to date indicated that a one-sided single-channel optimum
filter was the most effective processor.
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FINAL REPORT, PROJECT VT/5051
DEEP-WELL RESEARCH

1. INTRODUCTION

This report discusses a project of research in deep-hole seismology. The
work reported herein covers systems engineering and subsequent assembly,
test, and operation of a six-element vertical array of seismomete rs; mainte-
nance and operation of .he Grapevine test site; measurement of signals and
noise in shallow and deep wells; operation of a seismometer on the ocean
bottom; specification of an on-line array signal processor, its installation

in a recording van and its subsequent operation; assembly and operation of
an array of triaxial short-period seismorneters; and the analysis of signals
and noise.

The purpose of this report is to present the technical findings and accomplish-
ments of the project from 16 July 1964 through 31 December 1966. It is
submitted in rompliance with paragraph 2, Reports, of the Statement of Work
to be Done, Project VT /5051. The project was under the technical direction
of the Air Force Technical Applications Center (AFTAC) and under the over-
all direction of the Advanced Research Projects Agency (ARPA),

The main body of the report is generally presented in the same sequencc
as the tasks in the Statement of Work. A copy of the Statement of Work
and subsequent additions are included as appendix 1. A list of reports
submitted durin; ‘Le performance of the contract is given in table 1.

2. SYSTEMS ENCINEERING, SIX-ELEMENT ARRAY, TASK la

A deep ‘hole array of short-period seismometers was designed, constructed,
and tested. A special report describing the array was submitted. A copy
of the report (Technical Report 65-3) is included as appendix 4 to this report,

Subsequent to the date of the report, the array was routinely operated at the
test site near Grapevine, Texas (GV-TX). Figure 1 shows an event recorded.
After a brief period of operation, half the array was moved to the test site
near Apache, Oklahoma (AP- OK) and the other half was moved to the site near
Franklin, West Virginia (FN-WV). Figures 2 and 3 show events recorded at
these sites. An additional seismometer was operated in the deep well and
another was operated in the shallow well at both of these sites, in addition

to a surface Benioff seismometer. The result of this was to provide two
arrays, each comprised of five deep-well systems.

TR 67-3
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Figures 1, 2, and 3 clearly show the "'step-out' of the signals as they travel
up the well. In order to subiract the step-out and add the signals, a special
recording head was constructed for use with the Ampex tape recorders used
in the field. Figure 4 shows this unit. Figure 5 shows a summation module
designed for the system. Our intention was to operate a system as shown in
fignre 6. The adjustable head was used at the AP-OK site, but the summed
output was not obtained because the necessary playback amplifiers for the
tape recorder were not available. Figure 7 shows a reproduction of an event
made at our Garland laboratory and illustrates the results that we would have
obtained in the field.

3. MAINTAIN TEST SITE, TASK 1b

The deep-hole test site (GV-TX) was maintained as a facility for evaluating
new instruments, techniques, handling methods, and other applications
requiring the use of A deep hole. The principle use of the site was for the
development of the six-element array. Additionally, it was used to test
the triaxial seismometer (described in section 6) and for tests to determine
if a useful long-period response could be obtained using the Model 11167
deep-hole seismometer.

The deep-hole long-period system designed and operated under this task
consisted of a deep-hole short-period seismometer, suitable long-period
filters 1o shape the response, amplifiers, and normal calibration and
recording provisions. The best performance of the system was obtained using
a deep-hole seismometer that was specially constructed to eliminate, as far
as possible, all sources of thermal-electromotive potentials,

Based upon earlier work, the long cable required in a deep-hole seismograph
was thought to be the major source of long-period noise. However, it was
found that with extreme care and attention to all electrical connections, an
ordinary deep-hole system would perform rcasonably well at long periods.
The block diagram and response curve of such a system are shown in figure 8.

An event recorded by the system diagramed i: figure 8 is shown in figure 9.
Some long-term drift occurred although it is not evidert in this example.
This very long-period drift was never completely eliminated. The seis-
mometer was at 152 m in the shallow hole at GV-TX. A comparison of this
drift with a microbarograph did not yield significant correlation.

Some work was done in an attempt to obtain both a long-period and a short-
period response from one seismometer. The results, though inconclusive,
indicated that such a dual system would be too complex and unstable for
routine field operation. Also, because of the extreme care necessary to

6=
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(a) Magnetic head stack

(b) Assembly for Ampex 300 recorder

Figure 4. Adjustable delay tape head ¢ 212

e
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Figure 5. Summing Control Module, Model 22900

G 2213
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achieve satisfactory results, even the long-period response of the short
period system is of q iestionable usefulness.

4, MEASURE SIGNALS AND NOISE IN SHALLOW
AND DEEP HOLES, TASK lc

During the 29-month duration of this program, measurements were made

in deep holes in West Virginia, Texas, Utah, Oklahoma, and Pennsylvania.
An off-shore measurement program was also undertaken. The results of
routine measurements at two holes were reported in site reports: Technical
Report (TR) 65-104 discussed the measurement program at the University
of Texas "EE" No. 1, and TR 65-105 discussed the measurement program
at the Long No. 1, Centre County, Pennsylvania.

Appendix 2 of this report discusses the off-shore measurement program.
The mez surement work at the Uinta Basin Seismological Observatory in
Utah was done in cooperation with Project VT /1124 and the data were
recorded using observatory equipment. Two deep-hole seismometers were
operated in the hole.

An experiment was conducted in the shallow hole at the Wichita Mountains
Seismological Observatory (WMSO) to obtain vertical strain measurements
by subtracting the outputs of two matched deep-hole seismographs. This
system is referred to as the 'inertial strain' seismograph n this report.
During the time that the inertial strain seismograph was ope rated at WMSO,
the vertical strain seismograph was not in operation. Only the output of

the crossed-horizonta! strain seismographs was available. In theory, at

.he free surface the responses of the crossed horizontals and the vertical
strain seismograph are identical. However, the vertical strain seismograph
consists of a rod of finite length which measures the difference in displace-
ment between two points. Under these conditions, a vertically incident

P wave will be recorded by the vertical strain seismograph but not by the
crossed-horizontal strain seismographs. Therefore, in practice, the outputs
of the two types of instruments will not be identical.

The amplitude and phase responses of the two shallow-hole seismog raphs of
the inertiai strain (located at depths of 18 m and 37 m) were matched as
closely as possible. A comparison between the inertial strain seismograph
(obtained by subtraction) and the crossed-horizontal seismographs indicated
that the two are quite similar for the first few cycles of an event: after the
first few cycles, the differences become considerable. This behavior would
be experted considering that the two types of instruments are measuring
similar but not identical phenomena.
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The inertial strain seismograph recorded P waves and noise approximately
as predicted by theory. However, without a vertical strain snrismograph for
comparison, the extent of the differences and discrepancies could not be
determined.

As mentioned in section 2, vertical arrays were operated at a site in
Oklahoma and at a site in West Virginia. At West Virginia (FN WV) a high
frequency response was operated part of the time in order to give a displace-
ment response peaked at about 12 cps. Figure 10 shows a block diagram and
the response of the system that was operated. Figure 11 shows a seismogram
of an event recorded at GVTX during tests of the system. The data recorded
with the high frequency systems were not used in the analysis work of this
project.

5. ANALYZE DATA, PERFORM DETAILED ANALYSES, TASK 1d

5.1 SHORT-PERICD SEISMIC NOISE

5.1.1 Introduction

Previous studies of short-period seismic noise have often assumed that only
surface waves were present in short-period noise. However, the experimental
results obtained to date cannot, in general, be explained in this fashion. The
presence of random body-wave noise must also be taken into consideration.
Recently, several reports have been published (Roden, 1965, Seriff, et al,
1965) in which the problem or body waves in the noise is discussed.

Seismometers placed at depth below the surface allow exarnination of the
amplitude-depth reiationships of the waves. If only surface waves, funda-
:nental and higher modes, are present in the noise, the amplitude-depth
relationships provide definite identification of the modes present. It is only
necessary that the number of seismometers operating at depth be equal to
the number of modes present (further explained under deep-hole theory).
When body waves are present in the noise, the identification of wave types
is no longer as simiple, because ail the possible angles of incidence of the
rancdom body waves must be taken into account.

In general, the ampliwude-depth relationships obtained from deep-hole
seismographs are not sufficient to differentiate between body waves and
surface waves. As an example, the amplitude-depth relationships of the
vertical componert of the first higher mode and of P waves at close to vertical
incidence are very similar for periods around 3.0 sec. Therefore, additional
information must be obtaineu to differentiate between the possibilities. In this
report, the information was obtained by measuring phase velocities at the
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Wichita Mountains Seismological Obse rvatory. In addition, the cross-
correlation of surface and deep -hole noise was used to prove the presence

of body-wave noise. Using all these data, a reasonably comprehensive
understanding of the types of waves present was obtained. The results could
only be interpreted qualitatively and not quantitatively. Despite the large
amount cf data available, the types of waves preseat could not always be
identified. A possible explanation of the experirne~ta! results is given, while
sufficient data are presented so that the reader can draw his own conclusion.,

The results described were obtained with a deep-hole ve rtical-motion
seismometer developed under Project VT/1139. The seismograph system

has an amplitude and phase response similar to the short-period vertical
Benioff seismograph (Benioff, 1932). The only surface waves considered

are Rayleigh waves since all me:surements were made with vertical seis-
mometers. The period range discussed extends from the 6.0 sec microseisms
to noise of 0.3 sec period.

The theoretical Rayleigh wave group velocities, phase velocities, and
amplitude-depth relationships were obtained from the Seismic Data Labo ratory
in Alexandria, Virginia. Data from both deep-hole arrays and surface arrays
were used in this study,

A brief desc.ription of the sites is given in table 2. A complete description of
the sites can be found elsewhere (Geotechnical Corporation, 1964).

The following sites are of particular interest: (a) Fort Stockton, Texas,
(FO-TX), because of the great depth (5790 m) of the deep hole; (b) Eureka,
Nevada (EK-NV), because of the ve ry low noise level; (¢c) Apache, Oklahoma
(AP-CK) because the velocity section is a close approximation of a half space
and because it is close (20 km) to the Wichita Mountains Seismological
Observatory (WMSO) where phase velocities were measured. The site at
Apache was of additional interest because the noise gpectrum was similar

to that at WMSO. Therefore, both the phase velocities and amplitude-depth
relationship can be used.

It must be noted that all the information presented was obtained from sites
at some distance from the coast. Sites c’ose to the coast typically exhibit
large amp.itudes at periods =round 1.0 sec (Douze, 1964). There are not
sufficient expe rimental results available to determine the waves responsible,

5.1.2 Theory

This section derives the theory necessary to interpret the experimental
results, The theory for both body waves and Rayleigh waves will be
presented. For the deep-hole measurements, the amplitude-depth relation-
ships need to be considered, while for the surface array measurements, the
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phase velocities are of interest. In both cases, the phase angles and
coherences yieid valuable information.

The main tool in the interpretation are the spectra and cross spectra of the
noise detected by different seismometers placed in either a horizontal or
vertical plane. Therefore, the theory will be concerned with the results
obtained by spectral analysis techniques. The theory of the behavior of body
waves in the deep hole and across surface arrays is, in general, confined

to the results that wcula be obtained in a half space. For the case ora
layered media, the amplitude-depth relationships for P waves at vertical
incidence has been solved (Gupta, 1965). The -eason for not extending the
theory to the layered case is that the convenient matrix method does not
appear to be applicable when each term is an integral, as in the case when
spectra are considered. In the casz of fundamental and higher moac Rayleigh
waves recorded by the deep-hole seismometer, the azimuth of approach is
not important because the amplitude-depth relationships are the vaiues
measured. However, in the case of body waves, the angle of incidence must
be considered.

First, the theoretical amplitude-depth relationships that will be obtained from
a mixture of Rayleigh modes are discussed. TlLen, the theory of body-wave
noise at random angles of incidence is discussed in relation to the results that
would be obtained {rom deep-hole measurements. The assumption of no P- to
S-wave conversion at the free surface is made to show the mathematical
procedure followed; the solution can, in this case, be obtained in closed

form. Then, the formulas (not in closed form) that in:lude P- to S-wave
conveision at the free surface are derived. Next shovwn are the results that
would be obtained in the deep hole if a mixture of Rayleigh waves were present.

The results obtained from cross spectra of the vertical seismometers of a
surface array ar: discussed for the case of surface waves and body waves.

5.1.2.1 Rayleigh waves

The theory of higher Rayleigh mod2s has been extensively discussed in the
literature (Ewing, et al., 1957), and the presence of higher Rayleigh modes
in earthquake surface waves has been established (Oliver and Ewing, 1958).
It has been previously suggested that Rayleigh waves, both fundamentai and
higher modes, arc responsible for seismic noise (Gutenberg, 1958).

The data used in calculating the theoretical change in amplitude with depth of
the different Rayleigh modes were obtained as follows. The compressional-
wave velccities were obtained from sonic logs; the shear-wave velocities
were calculated from the compressional-wave velociries by assuming an
appropriate Poisson's ratio (usually around 0.27); and densities were used
appropriate to the lithologies encountered in the hole.

-19-
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No attempt was made to model the whole crust, but the velocities were
increased with depth (on the model of an average crust) sufficiently o obtair
the higher modes in the desired period ranges.

The oscillatory nature of the higher mcde group velocities in a basic property
of even simple structures, but is azcentuated when a low-velocity channel,
such as a sedimentary section, is present. Tle maxima and niinima ot the
group velocity curves are of interest, because they produce large amplitude
arrivals from earthquakes and may be associated with peaks in the noise
spectra (Gutenberg, 1958).

An example of the results obtained for the change with depth ~. the displace-
ments of the different Rayleigh modes (at FO-TX) is shown in figure 12. The
fundamental mode displacement decreases monotonically with depth with only
slight infiections at discontinuities. Large displacements are present at
depth when a lobe of a higher mode occurs in a low-velocity zone which traps
a large percentage of the total energy of the wave. Low-velocity zones are
present at all the holes studied. At all the sites, except AP-OK, the low-
velocity zone is caused by th:: sediments, and at AP-OK, by the volcanics
below the high-velocity limestone.

5.1.2.2 Deep-Hole Theory

If the noise is assumed to consist of a mixture of uncorrelated Rayleigh
modes the results of spectral analyses can be explained in the following
manner. Subscript 1 wiil refer to the surface and subscript 2 to the deep
hole.

N
X1 =2 Xyt

n=1

where N is the number of Rayleigh modes present in the noise. The spectrum
is obtained by first autocorrelating and then taking the Fourier transform of
the autocorrelation. The result is
N
“’11(‘”)= Z v (w) (1)

n=1

The spectrum of the noise recorded by the deep-hole seismograph is related
to the surface noise by a transfer function Hpy(w) exp (i8,),

N
0000 = X [Ha(w)]? oq() (2)

n=1
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The transfer runction is the theoretical change of the displacements of the
Rayleigh modes with depth. According to theory, the angle 6 is always 0 or
180 deg (see figure 12); therefore, the absolute value signs are not strictly
necessary in the equation.

The cross specirum between a surface and a deep-hcle noise sample is
given by

N . 5
©)z () = Y, Hy(w)e "op(w):
nzl (3)

Equation 3 indicates that the cross spectrum will be a eal quantity if only
Rayleigh waves are present because the angle 6, is ¢i‘..2r 0 or 180 deg. A
negative cross spectrum indicates that the "power' in the Rayleigh modes,
180 deg out-of-phase at depth, is larger than the power of the Rayleigh modes
in phase at depth. The coherence is defined as

Coh = .]EJ.ZJZ_ g

®11 922

The equations indicate that the :oherence is unity at all depths if only one
Rayleigh mode is present, and will always be less than unity for a mixtire
of modes. The coherence will be zero when equal amounts of power are in
phase and 180 deg out-of-phase.

The behavior of seismic noise in the frequency range Letween 0.5 and 5.0 cps
as a function of depth suggests the possibility of body-wave noise at random
angles of incidence. First, the equations for body waves at random angles
of incidence are solved under some¢what restrictive assumptions that allow a
solution in closed form to be obtained. The more general solution can : nly
be solved by numerical integration.

The following assumptions are made:

a, P-wave noise arriving independently from all angles of incidence
with ecual energy content:

b. No conversion from P to S waves at the free surface;

c. An isotropic, homegeneous half space,

The equations are derived for the noise as it would be detected by a vertical-
motion eeismograph. The solutions are derived in some detail to indicate
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the methods used. The particle displacement at the surface is taken to be

where 0is the angle of incidence measured from the vertical., The auto-
correlation of each independent time series f, (t) is denoted by 1w (7).

The autocorrelation of Xl(t) then becomes

N
1 5:: 2
W“ (T) = F Wn(T) CcOSs en.
=1

By taking the Fcurier transform, the power spectrum is obtained

N
CD“(w) = ';l\]— an (w) cos? en
n::1l

Now let N = =, the power spectrum of the surface noise becomes
m/2 :
! 1 2 . _o(w
m<“’>=‘n—f°°s i (4)
-m/2

The spectrum of the noise at any dej *h is obtained as follows:

N
X, (t) = Z {[—21— £, (t --% cos Gn)] +[;— f, +—201-— cos an)]}cos On
n=1

where _g‘. 13 the vertical uphole time.

Going through the same procedure as for the surface we obtain the spectrum
at depth

n/2

mzz(w)ﬂD(W) 2—1TT / {cosZ 6 + cos (wa cos 6) cos® e}de
-n/2
2 ; 1 Jo(aw) _ Jj(aw)
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Note that the expression in brackets approaches % as W =0 because

J; (aw
-JQ—(w—) = 0.5. The ratio of the deep-hole spectium divided by the surface

spectrum often used in the inte rpretation then becomes

R === +J, (0) - J| (wg) /(au)

which, as expected, approaches unity for very low frequencies.

The cross spectra between the surface and the deep-hole spectra are obtained
in the same way

aw

aw 1( 2 )
012 (W) = w(w) Jo<2) =7 (6)
2

Notice that the cross spectrum is either positive or negative, but dces not
have an imaginary component, indicating that the phase changes from 0 to 180
deg. The coherence “etween the surface and the deep-hole noise becoines

aw
Jl(—z—) 2
J ‘”’)- — T
Coh = ° <2 el
1, Jo(aw) _ J) (aw)
8 4 4 ow

which approaches unity as w =0,

The theory for S waves at random angles of incidence is similar. Define

S as the uphole time for S waves.
2

The eq'.ations become:

1
Pr1{w) == P(w)

®22 (W) = ¥(w) Hﬁ —‘Ig‘e#f
3w
Ypa(w) = CP(w)_LL(E%l_
2
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In the previous example, the conversion of P to S waves at the free surface
was neglected. Taking the conversions into account and keeping the rest of
the assumptions made before, a more realistic solution can be obtained;
however, the solution could not be obtained in closed form and numerical
integration of the integrals is necessary.

In this case, the time series at ~She surface and at depth become

N
2 falt) cos B, + b(8) £, (1) cos 6, + c(8) £ (1) sing_

nz=l

Xl(t)

N
z f(t-d cos 6,) cos 6, + b(6)f,(f + A cos 8,) cos 6,

n=1]

Xo(t)

+c(0)f (t + B cos &) sin Y

where b and c are reflection coefficients for P and S waves from an incoming
P wave. These coefficients are functions of the angle of incidence and can be
found in the literature (Fwing, et al., 1957). S waves are reflected at an
angle §, which is connected with 6 by Snell's Law,

The procedure followed in obtaining the required integrals is the same as
that employed previously. Because of the large number of terms involved
in the derivation, only the resulting integrals will be given.

8
ppp(w) = cp(w).é% f [cosze + b2 cos2 6+ c? sinZE
e (7)
+ 2b cos26 + 2¢c cos Bsin £+ 2bc cos 6sin£]d6
e Rl
®y5 (W) = cp(w)-éle f l-cos')' 8+ b cos?® 6+ c2 sinZE
-6
+ 2b cos (W cos 6) cos? 8
3
+ 2c cos w(-'zq-cos 9+‘2—cosE) cos Osin¢ (8)

: = 6 0 si dé
w, *T2bc cosw(-z—cosE -3 cos ) cos © sin §
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)
D) ,(w) = o(w) 1 cos (W2 cos 6) cos®6 + bl cos(w % cos 8) cos? 8
28 2 P

+ c2 cos (w?: cos ¢) sin £+ 2b cos(w-%-cos o) cos® 8

(9)

+ic { sin (w% cos 8) - gin (w-éa-cos{,) } cos 6 sint¢
+1ibe {sin (w-% cos 8) + gin (w?scosﬁ) }cos esinf-.]de

These formulas indicate that if the numerical integration is carried out
between even limits, a number of the terms disappear because they are odd
functions,

It will be noted that while the spectra are real quantities, as expected, the
Cross spectrum is a complex quantity, so that the phase is no longer either
0 or 180 deg but attains inte rmediate values. In cases of practical inte rest,
the phase angles are so close to 0 or 180 deg that spectral analyses are not
sufficiently accurate to detect the diffe rence. Numerical integration of the
integrals was carried out on a CDC 160-A computer.

Rayleigh waves and body waves at vertical incidence result in standing wave
patterns because of the interference effects of incident and surface-reflected
waves. Consequantly, the phase angle at depth can only be either 0 or 180
deg as coinpared with the surface. The cross spectra given in equation (9)
indicates that this is no longer the case for body waves at angles of incidence
other than the vertical. The cross spectrum has an imaginary component
indicating that a standing wavc pattern is not set up with depth. The same
conclusion has been reached by Felix Nagel (unpublished manuscript) from
the amplitude-depth relationships obtained when plane waves arrive at the
free surface at some arbitrary angle of incidence. The amplitude-depth
relationships are a function of time aad standing waves are not obtained. The
position of the zero amplitude value changes only slightly with time; there-
fore, a low value resembling a nodal point will be obtained at depth (for a
particular frequency) if the wave motion is averaged over some time.

In general, over a narrow band of frequencies, the amplitude-depth relation-
ship of P waves at close to vertical incidence are often similar to one of the
Rayleigh-mode amplitude-depth relationships., For example, the third
higher Rayleigh mode and P waves at close to vertical incideice are almost
identical for a frequency of 2 cps at AP-OK.

Narrow band-pass filtering together with cross-cozrelation offers the
possibility of distinguishing between surface waves and body waves.
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If surface waves are present in the noise, the cross-correlation between
surface and deep-hole noise samples will have a maximum at zero lag. The
maximum will be positive or negative, depending on whether the surface
waves at depth are in phase or 180 deg out-of-phase with the surface. In the
case of body waves, the maximum in the cross-correlation will be at a lag
time equal to the up-hole travel time of the body waves.

It must be recognized that if any one 1.2quency acts like a plane wave, P waves
at vertical incidence will set up a standing wave pattern and cross-correlation
results will look as if surface waves are present. Therefore, some caution

is necessary in interpreting the recsults. If very narrow-band filtering were
employed, that is, examining essentially one frequency, it would be possible

to interpret the results quantitatively. However, the cross-correlations over

a finite bandwidth used here can only be interpreted qualititatively to distinguish
between surface waves and body waves.

5.1.2.3 Surface Array Theory

In the case of surface waves arriving at the array froin a given direction (or

a given direction and angle of incidence in the case of body waves), the equa-
tions can be obtained easily. The spectrum of the noise at two seismoreters

(a and b) will be the same (ignoring seismometer-to-ground coupling problems).

N
®aa = CDbb'-:Z ®, (w)
n=1
The cross spectira will be:
N “i w(é')'(' cos B)
- \'2
Oap = 2, Op(We n (10)
n=1
where
N = number of wave types present in the noise
Ox = distance between the seismometers
v = phase velocity of the waves
8 = angle between the direction connecting the seismometers and
the direction of arrival.
<27-
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The cross spectra between two seismometers give only apparent ghase
velocities, and two cross spectra are necessary to obtain the real phase
velocities and directions of arrival.

The theoretical results indicate that coherence will be unity if only one wave
:ype is present, and less than unity in all other cases.

Experimental data from arrays usually indicate that the noise often appears
to be omnidirectional (isotroric), that is, arriving with approximatel'r equal
energy content from all directions. For the casc of surface waves, the solu-
tion that would be obtained has been solved by Backus, et, al., (1964}. The
spectrum of each seismometer is the same, ®(W), and the cross spectra
become

0 p(W) = @ (W) Jo (LX) (11)
v

where the Ax and v are, respectively, separaticw between seismomete.s
and phase velocity.

This solution can easily be extendea to more than one wave type and results
in the sum of Bessel functions equal to the numbcr of wave types present.

Because of the possible presence of body-wave noise. it is necessary to also
consider the case of body waves from random directions and random angles
of incidence.

For P waves arriving at the surface seismometers with equal energy content
from random directions and all angles of incidence, the time series for a
vertical-motion seismometer a is

N
X,(t) = Z fn(t) cos 6, .
n=1{

At svismometer b, the time series becomes

N
Xplt) =3 £ (t - L% 5in 8, con Br) cos 8,
n=1 o

where 0 refers to the angle >f incidence and B to the direction of the waves.
Proceeding in exactly the same fashion as described in the previous section,
the spectrum of each seismometer becomes
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©a(W) = Opy(w) = 3 o (u)

and the cross spectrum becomes

2 T2 (X gin 6 cos 8)
v (e

O p(w) = o) - —21? . }l_ f e
0 -m/2

082§ . dsdd.

By performing the last integration, the expression reduces to

2mn

| f . cos 3)
W) = z__ .d 8, {12
Papl) = o) 57 g wix Wl

cos 2

v

This equation must be solved by numerical methods of integration.
Notice that under the assumptions made, both formulas (11) and (12) hav.
no imaginary parts and the phase angle is either 0 or 180 deg. Therefore,

velocities can only be obtained from the coherence values.

5.1.3 Experimental Results

The methods used in spectral analysis are briefly discussed in order to
acquaint the reader with the reliability of the results. In order to facilitate
discussion of the experimental results, the ¢ ssband of the short-period
Eenioff was divided somewhat arbitrarily into three period ranges: 5.0 to
2.0 sec, 2.0to 0.8 sec, and 0.8 to 0.3 sec. These divisions were chosen
partly for convenience, and partly because somewhat diffe rent wave types
appear to predominate in the different period ranges.

The 6.0 sec microseisms are not discussed here, because the analyses
indicated clearly that, as measured by a vertical-motion seismomete r, the
fundamental mode Rayleigh wave is the only wave type present. This conclu-
sion has been previously reached by a numbe: of authors (see for example,
Gutenberg, 1958).

It must be noted that the examples of noise analyses discussed in this section
are only a small part of the large amount of information that lead the author
to the stated conclusions,
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5.1.3.1 Spectral Analysis

The principal tool used in the inte rpretation of the data consisted of obtaining
spectra and cross spectra, and the associated auto- and cross-correlations
of long noise samples. The techniques used to obtain spectra, and the
accuracy and resolution that is obtained have been extensively discussed in
the literature (for example, Blackman and Tukey, 1958) and need not be
discussed here.

The lenrgth of the noise sample used varied between 180 and 450 sec. As a
compromise between 2ccuracy and resoluiinn, a lag of 8 percent of the sample
was usually used; however, either smaller or greater lags were sometimes
employed tc increase either the accuracy or the resolution of the resulis. A
hanning smoothing function was used in ail cases. In this section of the report,
each figure will give the length of sample and the lag used, to allow the reader
to determine the reliability of.the results. The sampling rate used (usaially

25 samples/sec) ensured that the folding frequency was well outside of the
frequency range of interest.

Theoretical studies on the accuracy of cross spectra have been publisaed in

the literature (for example, Amos, et. al, » 1963). The results indicate that
the experimental coherences are a complex function of the actual coherence,
the smoothing function, and the lag window and that considerable errors are

to be expected when actual coherences are close to zero.

The magnifications at 1 cps were used to calibrate the power spectrum; there-
fore, only the values at 1 cps are correct ground motion values. Because of
the identical responses of the seismographs used, the deep-hole-divided-by
surface ratiosused in the interpretation are correct at all frequencies. The
ratios are obtained by dividing the deep-hole noise spectrum by the surface
spectrum, and will be called power ratios in the body of the report. The
square root of the power ratio will be referred to as the amplitude ratio.

5.1.3.2 Microseisms, 5.0 to 2.0 Sec

The ratio of deep-hole-divided-bv-surface-noise spectra at all sites investi-
gated indicates that fundamental mode Rayleigh waves is not the only wave
Present in the period range between 5,0 and 2.0 sec.

Figure 13 shows the experimental power ratio, and figure 14 shows the phase
angle and cohewvence obtained from noise samples when the deep-hole seis-
mometer was located at a depth of 5200 m at FO-TX. The theoretical curves
for the first three Rayleigh modes and for P waves at vertical incidence are
also shown. These analyses were made at a time when a storm in the Atlantic
was the cause of large microseisms in the period range of 2.0 to 6.0 sec. The
lowest value of the power ratio occurs at a period of 4.0 sec; however, the
coherence is not zero until a period of 3.4 sec is reached. This behavior
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irdicates that between 3.4 and 4.9 sec most of the power was in phase as is
also shown by the phase angle (figure 14); therefore, the fundamental mode,
which is the only wave in phase, predominated at these periods. To explain
the power ratio, the rest of the energy must »e in the first higher mode.

Exarnination of the figures (13 and 14) indicates that for periods less than 3.4
sec, only a small amount of fundarnental mocie Rayleigh waves can be present
in the noise. The experimental values lie between the theoretical first higher
Rayleigh mode and P-wave curves. The experimental data can be explained
by either mixtures of fundamental and first higher mode Rayleigh waves, or
P waves and first higher mode Rayleigh waves.

The deep-hole results at FO-TX indicated that either P waves or first higher
mode Rayleigh waves predominated in the noise but the results could not be
used to conclusively distinguish between the two waves. In an attempt to dis-
tinguish between these two possibilities, information from WMSO was used
from the same time as the FO-TX analyses. Cross spectra between noise
samples from three seismometers located in a 3 km tripartite were obtained.
The cross spectra of the noise .rom two seismometers are sufficient ‘o specify
an apparent velocity. Two pairs of seismometers are sufficient to specify
phase velocity and angle of arrival. The cross specira between the noise
samples from all three noise samples were used to check if consistent results
were obtained from all cecmbinations of pairs. The results obtained are given
in table 3.

As indicated in the theoretical results, if the noise field is isotropic, the
phase angle is 0 or 180 deg. The phase angles obtained from the experimental
results indicated clearly that part of the noise at periods greater than 2.0 sec
was directional. The directions obtained indicated that the storm in the
Atlantic was responsible for the directional part of the noise.

Examinations of combinations of dis2ctional and nondirectional noise (from
eyuation 10, 11, and 12) indicate that the phase velocity obtained for periods
greater than approximately 2.0 sec by these measurements is too large. This
behavior is caused by the isotropic noise staying either in phase or 180 deg
out of phase. Inthe period range under examination here, this causes the
phase angle from the cross spectra to be inte rmediate between the actual value
for the directional noise and 0O deg value of the omnidirectional noise. As an
example, assume 50-percent isotropic 3.0 sec period waves at 4 km/sec and
50-pe>cent dircctional waves at 4 km/sec arriving along the line connecting
two seizmometers 3 km apait; inthis case, the phase angle will be 64 deg.

If only the unidirectional wavss were present, the phase angle would be 88 deg.
The above presented argument indicates that the real phase velocities of the
directional noise are less than those obtained from the cross spectra. There-
fore, the phase velocities in table 3 indicate that body waves are excluded for
anything except every shallow angles of emergence.
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The choice, therefore, lies between fundamental .. nd first higher mode
Rayleigh waves; however, results from FO-TX du ring the same time indicate
that only small amounts of fundamental mode Rayleigh waves were prese:it

in the noise at these periods. Therefore, th-~ first higher mode Rayleigh
waves must predominate.

Table 3. Phase velocity measurements from cross spectra, WMSO

Spectral
Period Azimuth Velocity Average amplitude
(sec) (deg) tkm/cec) (cohsrence)? (anZ/CEs)
6. 667 213 2.85 0.88 51.0
5.714 215 3.16 0.88 91.1
5.000 219 3.49 0.86 92.2
4. 444 226 3.68 0.83 67.0
4.000 ¢z9 3.63 0.76 39.8
3.636 228 3.83 0.70 26.3
3.333 228 4.26 0.69 22.4
3.077 229 4.33 0.64 23.6
z2.857 226 4.41 0.54 21.8
2.667 226 4.24 0.46 18.5
2,500 228 4.51 0.46 16.1
2,353 229 4.87 0.41 15 =l
2,222 231 4.23 0.22 13.2
2.105 237 4.69 0.23 10.6
2.000 235 5.70 0.25 9.12

The arguments given above are meant to show the existence ot ihe first higher
Raylzigh mode, and are not intended to prove that this mode predominates at
all times and at all locations. However, phase angles from all deep-hole
measureraents always show the same behavior; the phase angle changes from
0 to 180 deg at a period that can be explained by P waves or higher modes.
The fundamental mode never predominates at periods less than approximately
4.0 sec. It is of interest that when the first higher mode can be shown to pre-
dominate, a small high in the spectra usually appears at 3.V sec {see table 3).

Particle motion diagrams of the 3.0 sec microseisms produced ambiguous
results; almost all sizzs and shapes of ellipses were obtained. This failure
was possible caused by the presence of different wave types in closely adja-
cent period ranges. The possible presence of Love waves in the noise could
also contribute to the failure to obtain reproducible results.
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At the sites where thick sections of low-velocity rock are present (usually
shales), the results obtaired are more difficult to interpret than at the sites
whe re predominantly high-velocity rocks are present. Figure 15 shows an
example of the resilts ob.cined at the Finedale, Wyoming, site. The section
at this location is composed entirely of shales. The results can probably be
best explained by a cr.nbination of P waves »»- [undamental Rayleigh waves

if the locction of the nhdal point is taken as the main criteria for interpreta-
tion. However, there is some doubt as to the validity of this interpretation.
Figure 15 also shows the results obtained from spectral analysis of a surface
wave of an earthquake from Baja California. The group velocity of these
waves was about 3.2 km/sec, indicating that they a.e surface waves, probably
higher mode Rayleigh waves as recorded by the vertical-motion seismographs.
It is noticea le from the figure that the behavior of the amplitude-dept!
relationships of the noise and these surface waves is very similar, especially
in regard to the location of the nodal point. This behavior suggests that the
theoretical Rayleigh wave curves may be in error. The theoretical Rayleigh
wave computer program used does not take into account the well known
velocity anisotropy of shales. Preliminaryv resulte from an anisotropic
Rayleigh wave program suggest that the d'«crepancies between theoreti-al

and experimental resulte can be explained in this way.

It is, of course, entirely possible thai the noise does consist of fundamental
mode Rayleigh waves and P waves, and that the first higher mode was not
present at the time of the experimenis., With the limited depth of the hole and
with no surface array infcrmatior, the problem cannot be solved. With holes
of the usual depth of approximately 3000 m, it iz not possible to distinguish
between the two possibilities of P waves or first higher mode Rayleigh waves.
Figure 16 shows the amplitude-depth relaticaship of the 2.0 sec noire at
AP-OK. Either theoretical curve will explain the experimental data.

5.1.3.3 Noise in the Period Range of 2.0 and 0.8 Sec

The noise in this period range predn iuates in the spectra at sites close to
the coast; at quiet sites distant frora the coast, the noise at these periods
has usuaily been attenuated to very small values.

r onsidevrable difficulty has been encountered in interpreting the data at these
periods. The amplitude-depth relationships agree quite well with *}e vheoreti-
cally predicted P-wave amplitude-deptl relationships. As an example,

figure 17 shows the power ratio obtained at AP-OK from the noise at the
surface and 2917 m. The theoretically predicted arapiitude-depth relationship
tor P wave at random aagles of incidence betwren -45 and +4% deg from the
veriical, and tke experimental and theoretical phase angles and coherences
are also shown in the same .igure. The agreement betwzen theorv ~:.d
experiment is quite go>d, and could be improved even further by assuming

the presence of some S-wavs noise. Figrre 16 shows the amplitude-depth
relatior ships for the 1.0 gec noive as measured at AP-OK; the theore*ical
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curve for P waves a* vertical incidence fits the experimental data quite well.
However, the first higher mode theory is also quite close to the experimental
data. There exists some doubt that P waves are the correct explanation of
the nonise at these periods. In an attempt to distinguish between the two pos-
sibilities (surface or body wives), cross-correlations were obtained after
digital filtering. The digital filters had extremely sha rp cut-offs, and only
noise in the period range of interest passed through. Figure 18 shows the
results obtained in the period ranges of 2.5 to 1.5 sec and 1.5 to 0. 8 sec.

The experimental evidence shcwn in figure 18 indicates that surface waves
arc responsible for the noise in these two period ranges. A mentioned in
the section on deep-hole theory, P waves at close to vertical incidence can
set up a standing wave pattern that will result in cross-correlations of the
type shown in figure 18. However, it appears unlikely that noise, the statis-
tics of which indicate that it is a completely random phenomenon, will act in
this fashion. It must be noted at this time that the cross-correlation of
signals wili result in the highest value at a lag equal to the uphole time.
Furthermore, as will be shown inthe next section, random P waves, vhen
present, will give maximum in the cross-correlation at a lag other than zero.

Figure 19 shows the coberence between noise samples from seismometers

3 km apart at WMSO. The high coherences at periods greater than 2.0 sec
were caused by directional naige. For periods between 1.0 and 2.0 sec, the ™
phase angles indicated the presence of essentially isotropic noise. The
experimental ‘results can best be explained bv wave traveling at velocities

of 3.0 to 4.0 km/sec.

The most probable solution is that the noise consists of a mixture of Rayleigh
modes, possibly on the basis of equipartition of ene rgy as proposed by Sax
and Hartenberger (1964). Some ®vidence for the presence of the second
higher mode is obtained from figure 13, where at a period of 1.1 sec, the
experimental data can only be explained by the presence of the second higher
mode. However, this peak in the power ratio did not appear at all times;
therefore, while it may be present, the second higher mode does not always
predominate. It is apparent fiom the results that the fundamental mode
Rayleigh wave does not exist with appreciable ene rgy content at the quiet sites.
Close to the coast, however, a considerable pe rcentage of th: noise must
consist of the fundame-tal mode to explain results obtained during previously
reported experiments (Douze, 1964).

5.1.3.4 Noise in the Period Range of 0.8 to 0.3 Sec
The noise amplitudes in the period range between 0.8 and 0.3 sec varies
considerably from site to site. The sites with large noise amplitudes are

cloge to ccuters of population, and the noise is usually connected with
cultural act.vity. s
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The noise at this period range can logically be divided into three parts: the
cultural noise, the sharp spectral peaks, and the residual noise when the
othe r two noise types are not present. Each of the three parts is character-
ized by different wave types.

Figure 20 shows the spectra of the noise at the surface, at 1370 and 2890 m
at GV-TX. Because of the close proximity of the site to Dallas, Texas, the
cultural noise background is extremely large at the surface. The spectra in
figure 20 indicate clearly that the amplitude (on the average) of the noise
decreased very rapidly from the surface down to 1370 m and that the level
only decreased slowly below this depth.

The only wave type that decreases in amplitude with depth with sufficient
rapiaity to zccount for experimental results is the fundamental mode Rayleigh
wave. Figure 21 shows the experimental power ratio between the 668 m

depth and the surface, together with the theoretical fundamental mode, first
higher moue, and P waves. The results clearly indicate, with minor discrep-
ancies, that the fundamental mode accounts for the rapid decrease in noise
amplitudes in the first 668 m.

At depths where the amplitude of the fundamental mode has become negligible,
the amplitude-depth relationships can be explained by either a combination of
highe r-mode Rayleigh waves, by body waves, or by'a mixture of both. The
power ratio in figure 21 shows lows at both the nodal points of the first higher
mode and the P waves indicating the possible presence of these waves. In an
attempt to distinguish between the possibilities, the noise from seismometers
at depths of 2570 and 2890 m were cross-correlated after narrow-band analog
filtering (low pass and high pass at 3 cps, 24 dB/octave. The result (figure 22)
shows that the crnss-correlation peaks at 0.1 sec, indicating that the noise
consists of body waves and not of surface waves. If only P waves were present,
the measured uphole time would indicate that the average angle of incidence

is 45 deg from the vertical. However, it is likely that S waves also contrib-
uted to the average uphole time measured. Cross-correlation between deep-
hole noise samples from EK-=NV, a very quiet site, showed that the noise at
approximately 3.0 cps also consisted of body waves.

The coherences were typically high at all sites where multiple seismometers
were placed in close proximity (<600 m). The coherence was a complex
function of the distance between seismometers. Figure 23 shows the coher-
ence and phase a"ngle of the noise from seismometers at depths of 1370 and
1980 m. Notice that the phase angle departs from 0 deg at 0.5 sec period;
as will be discussed latcr, the peak at this period probably consists of
another wave type.

-~
~

All sites investigated, with the exception of Eureka, Nevada, showed the
presence of a sharp peak at 0.49 sec period. Often it was hidden by cultural
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noise at the surface; however, at depth it was always clearly visible in
the spectra.

In discussing the 0.49 sec peak, the data will be used from AP-OK, FO-TX,
and WMSO, where the peak is very prominent.

In a prr--ious publication (Douze, 1964), the 0.49 sec noise was attributed to
the pre.ence of the third higher Rayleigh mode. Figure 24 shows the spe.tra
of the roise at the surface, 3048, and 5486 m at FO-TX. The sharp peak at
0.4) sec was still resent at the bottom of the hole; comparison with the
theoretical amplitude-depth relationships (figure 12) indicates that the third
higher mode cannot be the cause of the peak at this period unless the theoreti-
cal results are greatly in error. Theoretical investigations indicated that the
amplitude-depth relationships can also be explained by P waves arriving at
close to vertical incidence. Figure 16 shows the results obtained with a
single seismometer in the deep hole and an array of four deep-hole seis-
mometers at AP-OK. The data from the array does not fit either of the
theoretical curves closely. The experimental second nodal point appears to
occur at a shallower depth than indicated by either theory suggesting the
presence of an even higher Rayleigh mode. However, the amplitude-depth
relationships of the Rayleigh modes depend on the assumptions made on the
velocity section below the hole, and the third :node could probably be made to
fit by changing the velocities. It must be noted that the P-wave theory does
not depend on the velocity section below the hole.

Surface and body waves can, in theory, be identified by their phase velocities.
The phase velocity of the 0.49 sec noise is approximately 3.0 km/sec as
measured by WMSO personnel (personal communication, George Gray).
Figure 25 shows the cross spectrum between seismometers 1 km apart at

the observatory. In general, the noise is isotropic as indicated by the ten-
dency of the phase angle to remain at either 0 or 180 deg. If the 0.49 sec
noise is assumed to be isotropic, the coherence [J.29) and the theoretical
results (formulas (11) and (12)) indicate that the phase velocity is 3.2 km/sec.
This velocity indicated that the ncise consists of surface waves.

However, several features of the experimental data are difficult to explainby
the presence of one higher Rayleigh mode alone. Desp'te numerous attempts
to locate a seismometer at a nodal point, no such depth could be found. The
presence of mixture of wave types could explain this behavior. High resolu-
tion spectra often indicate the presence of another peak at approximately
0.51 sec period. If these two adjacent peaks were caused by different wave
types, the results from spectral analysis can be expected to be inconclusive
because of lack of resolution.

The coherences (a'.ee figure 16) gave values that would be expected if the
0.49 sec peak had very high coherence and the noise at the same period
apart from the peak was incoherent like the noise at adjacent periods. The
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low cohcrence at 1950 m is typ.cal cf results close to theoretical nodal points,
indicating the presence ol approximately equal power in and out of phase.

In conclusion, the experimental results do not indicate which type cf wave
is responsible for 0.49 sec noise,

A discussion of the 0. 49 sec noise is incomplete without a discussion of the
reason for the existence of the sharp peak. Either there exists a very wide-
spread source of tnis peak, or the earth in some fashion acts as a filter.
Despite considerable effort, no common surface source has been found that
can explain the sharp peak at this period. If the waves are body waves, some
subsurface source must be hypothesized, earthquake records .how that the
earth does not act as a filter which preferentially passes 0.49 sec noise for
body waves. If the waves are surface waves, some filtering mechanism
presently not understood must exist. It is juite posasible that further investi-
gation of this phenomenon will resul. in some fundamental discovery on wave
transmission in the crust,

5.1.4 Conclusions

Some of the waves present in the noise have been identified. The evidence
presented shows that, apart from the fundamental mode, the first higher

mode is present in the noise at periods around 3.0 sec. Because of the
similarity between body waves and surface waves, it could not be established
that the first higher Rayleigh mode always predominates at periods between
4.0 and 2.0 sec. However, it has been established that, at sites some distance
fron: the coast, the fundamental Rayleigh mode is not present with appreciable
anmplitudes.

In the period range of 2.0 to 0.8 sec, the experimental data were not conclusive.
The amplitude-depth relationships can be explained by either a mixture of
higher modes or by a predominance of P waves. Both cross-correlations and
coherences across surface arrays indicated that surface waves are the
preferred interpretation.

In the period ranjge of 0.8 to 0.3 sec, the cultural noise has been shown to
consist principally of fundamental mode Rayleigh waves. At depths where the
fundamental mode has decrecased to negligible values, the remainder of the
noise consists of random body waves, The sharp peak commonly present at
0.49 sec consists of Rayleigh mode or modes of order higher than third or

of body waves.

5.1.5 Deep-Hole Horizontal Seismograph Noise

The theoretical amplitude-depth relationships for Love waves have heen
computed. In order to obtain accurate results at the higher frequencies, the
original computer program was modified. In the original program, a loss of
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accuracy occurred because of the large number ol matrices that are multinlied
together. This accuracy was improved hy changing the mathematical develop-
ment so that fewer matrix multiplications reed to be carried out.

Table 4 gives the velocity section used in the ccmputations; the velocities

and densities in the hole are known (except for the S-velocity) from well-logs.
Below the cepth of the hole a reasonable estimate of the velocities in the crust
was used. Figures 26 and 27 show the amplitude-depth reclationships of the
first three Love modes at periods of 1.0 and 3.0 sec. Because only small
changes of velocity exist in the section, no large amplitudes occur at depth.
The only surprising feature 15 the increase of amplitude or the fundamental
Love mode at 1.0 sec in the first 1.5 km. No explanation is available for
this behavior.

Table 4. Model parameters (AI’-OK)

Layer
thickness P-velocity S-velocity Density
1.09400 6.10000 3.39000 2.70000
0.13700 5.64000 3.30000 2.60000
0.12200 4.70000 ‘ 2.76000 2.60000
0.03900 5.55000 3.26000 2.60000
0.04600 5.09000 2.99000 2.80000
0.21600 5.55000 3.26000 2.60000
0.08000 4.70000 2.76000 2.60000
0.12200 5.55000 3.36000 2.60000
0.07600 5,.10000 2.99000 2.60000
0.56400 5.55000 3.2600C 2.80000
0.03000 5,10000 2.99000 2.80000
5.,00000 6.00000 3.51000 2.80000
6.00000 6.20000 3.63000 2.80000
4,900000 6.50000 3.80000 2.80000
3.00000 6.60000 3.88000 2.80000
7.00000 7.24000 4,25000 2.80000
0.00000 8.20000 4,65000 3,.30000

Figure 28 shows the spectrum of the noise of the horizontal directed north

at the surface, and figure 29, shows the ratio of the decp-hole (2880 m)
horizontal divided by the surface horizontal. Both triaxial-seismometer
outputs were coordinate-transformed to produce horizontal information in
the N-S and E-W directions. The necessary angles of rotation were obtained
by measuring the angles between the recorded amplitudes of a large tele-
seism and the known direction of approach. This one example does not allow
any valid inte rpretations to be made; however, it is noticeable that no
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minimum in the ratio denoting a nodal point such as shown by the deep-hole
vertical seismographs can be observed.

In order to show that the method used in computing the orientation of the
triaxial seismometers gives the correct results, a teleseism was oriented
using the same direction cosines as were used for the noise. Figure 30
shows the results obtained; as expected, the radial component detected
P-wave motion while t..e transverse component showed no motion.

5.2 SHORT-PERIOD SEISMIC SIGNALS

Short-period seismic signals were analyzed both visually and digitaily.
Because the surface-reflected wave interferes with the incoming wave a
short time after the first arrival, only the first breaks of large teleseisms
were used to obtain visual amplitude measurements.

L a—

SPECTRUM
-_.-'-""—-—l
..:"'"'_J

10 1.0 0.1
PERIOD (secends)
Figure 29. Deep-hole (2800 m) noise spectrum (N component)
divided by surface noise spectrum o
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5.2.1 Visual Measurement

Figure 31 shows the decrease in amplitude, Wwith depth, of the first breaks

of teleseismic P-wave signals. As Predicted by the theory, the amplitudes

at the surface are at least twice as large as at depth; this behavior is caused
by the addition of the incoming and reflected waves. At sites where there is
only a small change of velocity with depth (for example, AP-CK, FN-WV),

the above discussed relationship holds almost exactly. For sites such as
PI-WY where the velocity at depth is appreciably greater than at the surface,
the amplitudes 2t depth are less than 0.5 times the surface value. L. general,
this behavior can be explained in te rms of seismic impedance. The energy

in an elastic wave is directly proportional to the square of the amplitude and
inversely proportional to the velocity. Thus, a wave traveling up the hole
through lower-velocity layers will increase in amplitude. This simple
explanation ignores the reflections and refractions caused by the layering;
however, it does explain the results obiained. For more detailed examination
of the behavior, it is necessa ry to examine the behavior of the waves in the
frequency domain.

Visual analysis of shear waves was attempted; however, the results obtained
were not very meaningful when only vertical seismographs were being used.

Measured velocii‘es were close to those expected if a Poisson’s Ratio between
0.27 and 3.0 was assumed. Amplitude-depth relationship measurements
scattered widely, probably because the first breaks could not be measured
accurately in the presence of the P waves.

5.2.2 Computer Analysis

At only one site (AP-OK) have the P-wave signals been anal'-zed in detail in
the frequency domain by using digital Fourier transform methods . In general,
the results showed that P waves behave exactly as predicted by the theory.

The theoretical behavior of the amplitude-depth relationships in the frequency
domain can most easily be calculated by the matrix formulation method
(Haskell, 1963) which takes account of all the reflections and refractions and
performs the calculations entirely in the frequency domain. For reasons

that will become apparent in rection 7 (inverse filte rs), the approach used

was different. First the impulse response of the layered media which composes
the section of the hole was computed and then the Fourier transform of the
impuise response was calculated to obtain the amplitude-depth relationships

in th2 frequenry domain.

For vertical angles of incide.ce, a computer program is available to compute
the impulse respor.se; however, for angles of incidence other than the vertical,
the computer program would have to be very elaborate. Therefore, computa-
ions were carried out on a hand calculator; conside ring the limited number
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of sites which are to be used in the measurement program, this a'pproach is
by far the most efficient. The fact that the impulse responses computed in
this fashion are correct is demonst rated by the fact that the inverse filters
(section 7) computed from them did change the deep-hole signal into the
surface signal.

As will be mentioned in section 7, the inverse filters work exactly as intended
for only the first few cycles. While no definite conclusions have been reached
about the types of waves that are responsible for this behavior, it was found
that the amplitude-depth relationships change later in the signal.

To obtain the amplitude-depth relationships discussed above, several signals
were analyzed as follows, Overlapping 5 sec segments of the signal were
taken at the surface and at depth. The Fourier transform of each segment
was calculated and the ratio of deep-hole signal-to-surface signal and the
phase angle difference between them were recoried. Each segment was
passed through = cosine window before the Fourjer transform was taken to
minimize the edg effects.

Figure 32 shows the results from two of these segmerts; the first segment
covered the first 5 sec of the signal and the second covered the nex: 5.0 sec.
It is apparent that there is an appreciable difference between them. The
amplitude ratio of the first 5.0 sec is in excellent agreement with the theory
for incident P waves. The next 5.0 sec is not in agreement indicating the
presence of other wave types.

6. TRIAXIAL ARRAY, TASK le

The evaluation of deep-hole instruments that was called for in Task 1lb
resulted in a determination that the existing short-period triaxial seis-
mometer (developed under Project VT /072) was inadequate for routine
deep-well use. Extensive design modifications were made, re sulting in

an instrument suitable for field use. TR 66-67 was prepared which described
the instrument in detail and the tests performed on it in the laboratory. A
complete system, composed of four triaxial seismometers, amplifiers,
cables, winches, control equipment, and associated standard equipmen* was
assembled and made ready for field measurement program.

An installation was made at AP-OK and operat«d in conjunction with the
digital recording system discussed in section 8 of this report. Figure 33
shows an outline drawing of the seismomete r; figure 34 shows one module
of the seismometer; figure 35 shows the array controller designed for the
array; and figure 36 shows a bleck diagram of the system.
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Figure 34. Triaxial seismometer module and switch
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Figure 37 shows a comparison of background noise recorded at the Grapevine
Test Site. Comparisons of the coordinate-transfo rmed output of the triaxial
system with the output of the 18300 systems show excellent correlation. In
addition to the coordinate-transformed Z output, a direct summation Z is
also shown. The correlation, again, is excellent.

7. CONTINUE TO DEVELOP TECHNIQUES, TASK 1f (1)

7.1 INVERSE DIGITAL FILTERS

In processing an array of deep-hole seismographs, two general approaches
can be employed: (a) the processes such as optimum Wiener filtering with
assumptions about the signals, in which case the signals do not need to be
changed, or (b) processes such as maximum likelihood filters or the tech-
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